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Abstract—We present the results of our analysis of super-Eddington flares recorded from the X-ray pulsar
LMC X-4 by the NuSTAR observatory in the energy range 3–79 keV. The pulsar spectrum is well described
by the thermal Comptonization model (COMPTT) both in quiescence and during flares, when the peak
luminosity reaches Lx ∼ (2−4)× 1039 erg s−1. An important feature that has been investigated for the
first time in this paper is that an increase in luminosity during flares by more than an order of magnitude
is observed at energies below 25–30 keV, while at higher energies (30–70 keV) the spectrum shape and
the source flux remain virtually unchanged. The increase in luminosity is accompanied by changes in the
source pulse profile—in the energy range 3–40 keV it becomes approximately triangular and the pulsed
fraction increases with rising energy, reaching 60–70% in the energy range 25–40 keV. We discuss possible
changes in the geometry of the accretion column consistent with similar changes in the spectra and pulse
profiles.
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INTRODUCTION

LMC X-4 is a high-mass X-ray binary system
located in the Large Magellanic Cloud (its distance is
d = 50 kpc) with a spin period Pspin ∼ 13.5 s and an
orbital period Porb � 1.4 days. The system consists of
a neutron star with a mass M� � 1.57 M�, where
M� is the solar mass, and an optical companion,
an O8 III star with a mass of ∼18 M� (see, e.g.,
Falanga et al. 2015, and references therein). X-ray
observations show the presence of X-ray eclipses in
the LMC X-4 system (Li et al. 1978; White 1978)
and an X-ray flux modulation with a period Psup �
30.5 days (superorbital period) associated with the
periodic obscuration of the X-ray source by a pre-
cessing accretion disk (Lang et al. 1981; Heemskerk
and van Paradijs 1989; Neilsen et al. 2009). The
observed X-ray intensity of the source changes on the
scale of the superorbital cycle by a factor of ∼50 (for
more details, see Heemskerk and van Paradijs 1989).
The intrinsic X-ray luminosity of the pulsar remains
approximately constant (given the local fluctuations)
with Lx ∼ (2−5)× 1038 erg s−1 (Levine et al. 2001;
Tsygankov and Lutovinov 2005; Molkov et al. 2015;
Shtykovsky et al. 2017, and references therein),
which corresponds to or slightly exceeds the Edding-
ton limit for a neutron star with a mass of ∼1.57M�.

*E-mail: a.shtykovsky@iki.rssi.ru

Transient increases in X-ray luminosity called
X-ray bursts or flares are commonly observed in close
binary systems with compact objects. Such flares
can be different in nature—in particular, they can
arise from thermonuclear explosions, nonstationary
accretion, etc. In LMC X-4 flaring activity has
been recorded in X-rays virtually since its discovery
(Kelley et al. 1983; Dennerl 1989; Levine et al. 1991,
2000; Moon et al. 2003), with flares being recorded
in both high and low states (Woo et al. 1996).
Flares are observed as episodic super-Eddington
luminosity events (∼1039−1040 erg s−1) lasting up to
several thousand seconds (Levine et al. 2000; Moon
et al. 2003). The pulsar flaring activity does not
have a regular pattern and is apparently aperiodic in
character (Levine et al. 2000). The light curves during
flares are modulated with the spin period (Kelley
et al. 1983; Levine et al. 2000; Moon and Eiken-
berry 2001). Thus far, no exhaustive physical theory
(mechanism) explaining the nature, energetics, and
timing properties of flares from LMC X-4 has been
proposed. Studying the flaring activity is of great
interest from the viewpoint of the physical processes
occurring in the source, because it involves the ac-
cumulation of large stores of energy, the development
of nonstationary processes leading to the release of
this energy in a short time, and the accompanying
dynamical activity of the pulsar. A high luminosity
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Table 1. NuSTAR observations of LMC X-4

ObsID Ψorb Ψsup Start time (MJD) Exposure, s

30102041002 [0.29; 0.63] [0.88; 0.89] Oct. 30, 2015, 01:01:08 (57325.0425) 24 551

30102041004 [0.39; 0.69] [0.07; 0.08] Nov. 4, 2015, 19:46:08 (57330.8237) 21 880

30102041006 [0.11; 0.43] [0.28; 0.30] Nov. 11, 2015, 11:16:08 (57337.4695) 22 986

30102041008 [0.42; 0.73] [0.81; 0.82] Nov. 27, 2015, 09:16:08 (57353.3862) 20 282

of the source during flares (up to ∼1040 erg s−1) is
especially intriguing in this aspect, which may allow
LMC X-4 to be called a flaring ultraluminous source.

In this paper we have performed a detailed analysis
of the source emission at various orbital and super-
orbital phases in a wide energy range for the first
time using NuSTAR data. Special attention in our
analysis has been given to the X-ray flaring activity
recorded during observations.

OBSERVATIONS AND DATA REDUCTION

In this paper we analyze the data obtained by
the NuSTAR observatory (Harrison et al. 2013)
during the observations of the pulsar LMC X-4 in
October and November 2015 (ObsID 30102041002,
30102041004, 30102041006, and 30102041008).
The observations cover various orbital (Ψorb) and
superorbital (Ψsup) cycles of the system (Molkov
et al. 2015). The exposure time in the science
mode (mode 01) in each observation was ∼20−25 ks
(Table 1).

The primary data reduction was carried out with
the standard NuSTAR data analysis software (NUS-
TARDAS, version 1.5.1) using the CALDB calibra-
tion database (version 20160922). The high-level
data reduction and analysis were performed with the
HEASOFT software package (version 6.18). The
photon arrival times were corrected for the Solar
system barycenter using the standard NUSTARDAS
tools. The corresponding correction of the photon ar-
rival times for the motion of the compact object in the
binary system was made using the orbital parameters
from Molkov et al. (2015).

To construct the light curves, the background was
subtracted from the data of each of the FPMA and
FPMB modules; the light curves obtained were com-
bined into a single curve to which a correction for the
orbital motion was applied (Krivonos et al. 2015). The
standard LCMATH tool from the HEASOFT soft-
ware package was used to combine the light curves
of the NuSTAR modules.

We searched for the pulsation period using the
epoch-folding technique (the EFSEARCH tool in the
HEASOFT package; for more details on the applied
technique, see the corresponding section). The pulse
profiles in different energy ranges were constructed by
folding the source’s light curve with the period found.
The energy spectra were analyzed using the XSPEC
package (version 12.8).

RESULTS

Light Curves

The pulsar light curves in the energy range 3–
79 keV for observations 30102041002 and
30102041008 are presented in Figs. 1 and 2, respec-
tively. There are two episodes of flaring activity in
these observations: one contains three events (FL1,
FL2, and FL3); the other contains one event (FL4).
The FL1, FL2, and FL3 events are spaced ∼10 ks
apart. The episodes of flaring activity in observations
30102041002 and 30102041008 (the FL1 and FL4
events) are separated by a time interval of ∼28.3 days.
The duration of each event is ∼4000 s. All flares (see,
e.g., the lower panel in Fig. 1 for FL3 and the lower
panel in Fig. 2 for FL4) shows a similar morphology:
a fast rise, an exponential decay (characteristic time
scales texp ∼ 800−1200 s), an afterglow, pronounced
pulsations at the pulsar spin frequency, and the
presence of subpulses during the main flare and
the afterglow. No flaring activity was observed in
observations 30102041004 and 30102041006.

For the subsequent analysis the data from the
observations containing flares were divided into in-
tervals and marked by numbers. The intervals were
chosen so as to separate the states with a high lu-
minosity from the states with a normal one (this
division is shown in Figs. 1 and. 2). The flares, in
turn, were divided into two parts: the main flare and
the afterglow (see, e.g., the lower panels in Figs. 1
and 2). The data from observations 30102041004 and
30102041006 were analyzed as a whole.
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Fig. 1. (Color online) Light curve for observation 30102041002 (upper panel); light curve for the FL3 event in observation
30102041002, interval (6): the main flare (lower left panel, (6-1)) and the afterglow (lower right panel, (6-2)); for a detailed
description, see the text. Zero time corresponds to the beginning of the observation (see Table 1).
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Fig. 2. (Color online) Light curve for observation 30102041008 (upper panel); light curve for the FL4 event in observation
30102041008, interval (4): the main flare (lower left panel, (4-1)) and the afterglow (lower right panel, (4-2)); for a detailed
description, see the text.

Spin Period and Pulse Profile

To determine the spin period of LMC X-4, we used
its light curves in the quiescent state (observations
30102041004 and 30102041006) combined from
both NuSTAR modules. We determined the true
spin period by the multiple (N = 10000) generation
of samples by the Monte Carlo method based on
the available sample (for more details on the applied
method, see Boldin et al. 2013). As a result, we
obtained the spin period of the neutron star at the

time of NuSTAR observations Pspin = 13.50124 ±
0.00005 s, which was used in the subsequent analysis.
The measured spin period agrees well with the results
of previous NuSTAR (Shtykovsky et al. 2017) and
XRT/Swift (Molkov et al. 2017) measurements.
This may suggest the absence of a significant spin-
up/spin-down of the neutron star in LMC X-4 com-
pared to the previous history of observations (Molkov
et al. 2017).

The pulse profile carries important information

ASTRONOMY LETTERS Vol. 44 No. 3 2018
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Fig. 3. Pulse profiles for observations 30102041004 (left panel) and 30102041006 (right panel) in the energy ranges 3–10 (a),
10–20 (b), 20–40 (c), and 40–79 keV (d).

about the geometry and physical properties of the
pulsar emitting regions. A comparison of the profile
shapes and their evolution in flares and quiescent
states allows the processes during the pulsar flaring
activity to be analyzed. Figures 3 (observations
30102041002 and 30102041006), 4 and 5 (observa-
tion 30102041002), and 6 (observation 30102041008)
present the pulse profiles in the energy ranges 3–10,
10–20, 20–40, and 40–79 keV for each interval of
observations described above. The same zero epoch
T0 = 57325 MJD was used to construct all pulse
profiles.

In the absence of flaring activity, near the
maximum of the superorbital period
(observation 30102041004), the pulse profile has a
complex shape consistent with previous observations
(see, e.g., Levine et al. 2000; Shtykovsky et al. 2017).
As the minimum of the superorbital period (obser-
vation 30102041006) is approached, the profile is
simplified and approaches a sinusoidal shape (this is
especially clearly seen in the energy ranges 3–10 and
10–20 keV), with the pulsed fraction increasing by a
factor of ∼3 (see Fig. 7).

The pulse profile approaches a regular triangular
shape during flares and acquires a simple asymmet-
ric shape similar to the sinusoidal one without pro-
nounced features between flares. After the period of
flaring activity the pulse profile returns to a complex
shape that was recorded before flares and that is
similar to the one observed during the maximum of
the superorbital period (see, e.g., interval 7 in ob-
servation 30102041002 and intervals 1, 2, 3 in ob-

servation 30102041008). By analyzing the evolution
of the pulse profiles in various intervals, we can see
a pronounced drift of the pulse phase (to within the
changes in the profile itself).

The energy dependence of the pulsed fraction dif-
fers significantly for the intervals of observations with
flaring activity and the quiescent intervals (cf. the
profiles in interval (6-1) of observation 30102041002
(Fig. 7a) and in observation 30102041004 (Fig. 7c)).

It can be seen from Fig. 7 that the pulsed fraction
increases during the flares and reaches ∼60−70% at
energies 25–40 keV, which is much higher than the
observed values of 6−14% in quiescence (Tsygankov
and Lutovinov 2005; Shtykovsky et al. 2017). During
the afterglow and immediately before the flare the
pulsed fraction also reaches high values, ∼25−50
and ∼20−30%, respectively. Note that such changes
in the profile are observed for all of the flares being
analyzed in this paper. It should also be noted that
in observation 30102041006, when the system was in
the low state of the superorbital cycle, in the absence
of flares, the pulsed fraction is also significantly higher
than that in the high state and reaches ∼20−30%.
Lutovinov and Tsygankov (2009) showed that the
pulsed fraction for bright X-ray pulsars must de-
crease with increasing luminosity. However, as it ap-
proaches or exceeds the Eddington limit, its increase
can be observed again, as seen in LMC X-4.

Energy Spectra
As in our previous paper (Shtykovsky et al.

2017), the thermal Comptonization model COMPTT

ASTRONOMY LETTERS Vol. 44 No. 3 2018



PECULIARITIES OF SUPER-EDDINGTON FLARES 153

0.78
0.92
1.06
1.20 (a)

0.80
0.93
1.05
1.18

N
or

m
al

iz
ed

 c
ou

nt
s (

s−
1 )

(b)

0.76
0.93
1.10
1.27 (c)

0.20
0.80
1.40
2.00

0 0.5 1.0 1.5 2.0
Pulse phase

(d)

0.73
0.92
1.11
1.30 (a)

0.75
0.93
1.11
1.29

N
or

m
al

iz
ed

 c
ou

nt
s (

s−
1 )

(b)

0.71
0.95
1.19
1.43 (c)

0.01
0.65
1.29
1.93

0 0.5 1.0 1.5 2.0
Pulse phase

(d)

0.80
0.94
1.08
1.22 (a)

0.80
0.94
1.08
1.22

N
or

m
al

iz
ed

 c
ou

nt
s (

s−
1 )

(b)

0.70
0.89
1.08
1.27 (c)

0.01
0.81
1.61
2.41

0 0.5 1.0 1.5 2.0
Pulse phase

(d)

0.81
0.95
1.09
1.23 (a)

0.82
0.94
1.07
1.19

N
or

m
al

iz
ed

 c
ou

nt
s (

s−
1 )

(b)

0.76
0.93
1.10
1.27 (c)

0.20
0.75
1.30
1.85

0 0.5 1.0 1.5 2.0
Pulse phase

(d)

0.73
0.92
1.11
1.30

(a)

0.76
0.94
1.12
1.30

N
or

m
al

iz
ed

 c
ou

nt
s (

s−
1 )

(b)

0.70
0.94
1.18
1.42

(c)

0.01
0.76
1.51
2.26

0 0.5 1.0 1.5 2.0
Pulse phase

(d)

0.87
0.97
1.07
1.17 (a)

0.85
0.96
1.07
1.18

N
or

m
al

iz
ed

 c
ou

nt
s (

s−
1 )

(b)

0.83
0.97
1.11
1.25 (c)

0.01
0.81
1.61
2.41

0 0.5 1.0 1.5 2.0
Pulse phase

(d)

Interval (1) Interval (2-1) * Interval (2-2)

Interval (3) Interval (4-1) * Interval (4-2)

Fig. 4. Pulse profiles in intervals (1), (2-1), (2-2), (3), (4-1), and (4-2) (observation 30102041002) in the energy ranges 3–
10 (a), 10–20 (b), 20–40 (c), and 40–79 keV (d); the intervals containing flares are marked by an asterisk (∗).

(Titarchuk 1994) from the XSPEC package was
used to fit the broadband spectra of LMC X-4. A
significant advantage of this model is that it fits
well the spectrum of LMC X-4 and has a physical
justification. The following components were added
to the model to improve the quality of the fit: PHABS
to account for the interstellar absorption and GAUS
to account for the fluorescent Kα iron line at 6.4 keV.
The spectra from both modules were analyzed si-

multaneously, a normalization coefficient C was
introduced to account for the difference between their
calibrations, and all the remaining parameters were
fixed between the data sets. The quality of the fit was
estimated using the χ2 test per degree of freedom
(d.o.f.). The hydrogen column density was fixed
at NH = 5.74 × 1020 atoms cm−2 (assuming a solar
abundance Dickey and Lockman, 1990). The best-fit
parameters are presented in Table 2. It can be seen

ASTRONOMY LETTERS Vol. 44 No. 3 2018
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Fig. 5. Pulse profiles in intervals (5), (6-1), (6-2), and (7) (observation 30102041002) in the energy ranges 3–10 (a), 10–20 (b),
20–40 (c), and 40–79 keV (d); the intervals containing flares are marked by an asterisk (∗).

from this table that the proposed model describes well
the pulsar spectrum in all of the observed states.

Figure 8 presents the energy spectra of LMC X-
4 before, during, and after the flare constructed si-
multaneously for each of the four flares. For clarity,
the spectra before and after the flare were multiplied
by coefficients of 0.1 and 0.2, respectively. It follows
from the figure that during the flares the spectrum
softens significantly. The spectral softening during
flares in LMC X-4 was noted previously in a number

of papers (see, e.g., Dennerl 1989; Levine et al. 1991,
2000; Moon et al. 2003). It can be seen from our data
that the spectrum changes most dramatically at low
energies. To test this assumption, we simultaneously
constructed the spectra in the intervals containing
flares and in the intervals preceding them (see Fig. 9).
It can be seen from the figure that during the flares the
shape of the spectrum changes predominantly up to
∼20 keV, while at higher energies it remains virtually
unchanged.
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Fig. 6. Pulse profiles in intervals (1), (2), (3), (4-1), and (4-2) (observation 30102041008) in the energy ranges 3–10 (a),
10–20 (b), 20–40 (c), and 40–79 keV (d); the intervals containing flares are marked by an asterisk (∗).

Figure 10 presents the evolution of the spec-
tral parameters in intervals (1–7) of observation
30102041002 and intervals (1–4) of observation
30102041008. It can be seen from the plots that
the optical depth of the emitting region decreases
significantly (by a factor of ∼1.5−2) during the flare,
while the temperature of free electrons drops during
the afterglow. It can also be seen from the data that
a gradual rise in the seed photon temperature occurs

during the series of flares, which ceases after it ends.
Note that at least during the first flare in the series
(FL3, FL4) the equivalent width of the fluorescent
iron line EWFe increases sharply.

DISCUSSION AND CONCLUSIONS
The episodes of flaring activity in LMC X-4 have

been known for quite a long time. Flares are tran-
sient increases in pulsar luminosity occurring ap-
proximately once a day (see, e.g., Levine et al. 2000;
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Fig. 7. (Color online) Pulsed fraction in the observations: 30102041002 in intervals (5), (6-1), and (6-2) (a); 30102041008 in
intervals (3), (4-1), and (4-2) (b); 30102041004 (c); and 30102041006 (d).

Moon et al. 2003), but the regularity and flaring
mechanism are not yet clear. Several models of flares
in LMC X-4 have been proposed to date, each of
which, nevertheless, has its shortcomings.

Flaring Activity

As has been said in the Introduction, flares in
systems with accreting neutron stars can be caused
by different physical mechanisms, among which the
following can be noted: thermonuclear burning on the
neutron star surface (type I bursts); accretion flow
variability (type II bursts); nonstationary accretion
(similar to what is observed in the so-called super-
giant fast X-ray transients, SFXTs); and pulsar mag-
netospheric activity (magnetospheric perturbations).

Brown and Bildsten (1998) showed that the ob-
served flares in LMC X-4 are difficult to explain in
terms of the model of thermonuclear burning on the
neutron star surface. In addition, thermonuclear
flashes are characterized by a spectral softening as the
flare develops, while in the case of flares in LMC X-4

the inverse process is observed—a spectral hardening
as the flare evolves.

Another commonly considered mechanism for the
appearance of flares is accretion flow variability. Let
us first consider the simplest scenario whereby the
accretion flow variations supply an additional amount
of matter whose energy is released during accretion
and raises the luminosity. Assuming that the ef-
ficiency of energy release by the infalling matter is
η ∼ 10%, let us estimate the amount of matter that
should be supplied to obtain the observed luminosi-
ties in FL3 (the average luminosity is Lx = 7.27 ×
1038 erg s−1) and FL4 (the average luminosity is
Lx = 8.14 × 1038 erg s−1). For this purpose, we
will divide each of the flares into 200 s intervals and
calculate the source flux in each interval using the
spectral model described in the corresponding sec-
tion. We will obtain the final mass by integration
over all time intervals. The mass derived in this way
is M � 1.8× 1022 g for FL3 and M � 2.3 × 1022 g
for FL4. Given the accretion rate in quiescence ṁ �
3.9 × 1018 g s−1, it is possible within this framework
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Table 2. Parameters of the best-fit models for the spectra of LMC X-4 in various states

Obser-
vations

Inter-
val

C T0,
keV

kT ,
keV

τ EFe,
keV

σFe,
keV

EWFe,
eV

fx × 10−9,
erg cm−2 s−1 χ

2/d.o.f

*02 (1) 1.02 0.93± 0.09 8.78± 0.10 12.29± 0.17 6.45± 0.05 0.44± 0.09 254± 28 0.68 0.995

(2-1) 1.03 1.08± 0.06 8.78± 0.40 6.32± 0.32 6.32± 0.14 1.19± 0.16 644± 146 2.47 1.001

(2-2) 1.02 1.00± 0.06 7.60± 0.10 11.24± 0.16 6.54∗ 0.60∗ 340± 25 1.60 1.016

(3) 1.02 1.15± 0.05 8.93± 0.11 11.40± 0.19 6.51± 0.05 0.53± 0.10 265± 31 0.76 1.081

(4-1) 1.02 1.16± 0.04 7.64± 0.13 9.45± 0.18 6.61∗ 0.64∗ 307± 29 2.03 1.127

(4-2) 1.03 1.05± 0.07 8.00± 0.10 11.66± 0.19 6.63± 0.04 0.43± 0.07 252± 26 1.12 1.024

(5) 1.02 1.02± 0.08 9.04± 0.12 11.89± 0.19 6.50∗ 0.51∗ 336± 31 0.70 0.951

(6-1) 1.01 1.12± 0.05 8.68± 0.29 6.54± 0.24 6.47± 0.08 0.79± 0.14 385± 55 2.43 0.920

(6-2) 1.01 1.18± 0.08 7.39± 0.19 9.18± 0.35 6.52± 0.08 0.42± 0.18 276± 41 2.27 1.161

(7) 1.03 0.86± 0.06 9.29± 0.05 13.43± 0.89 6.46± 0.04 0.44± 0.05 215± 19 0.98 1.003

*04 – 1.03 1.04± 0.05 8.81± 0.05 14.46± 0.14 6.53± 0.04 0.43± 0.07 180± 13 1.17 1.060

*06 – 1.03 0.86± 0.16 8.30± 0.08 16.53± 0.27 6.28± 0.06 0.53± 0.08 365± 29 0.35 0.991

*08 (1) 1.04 0.68± 0.13 9.31± 0.08 13.51± 0.14 6.28± 0.09 0.67± 0.11 291± 38 0.70 0.959

(2) 1.03 0.87± 0.08 9.07± 0.08 13.81± 0.14 6.39± 0.05 0.28± 0.08 145± 17 0.69 1.071

(3) 1.03 0.90± 0.08 9.11± 0.09 12.96± 0.16 6.46± 0.08 0.36± 0.12 154± 24 0.64 1.044

(4-1) 1.01 1.05± 0.05 7.52± 0.24 6.81± 0.25 6.32± 0.10 0.96± 0.11 568± 78 2.72 0.971

(4-2) 1.02 1.00± 0.04 7.29± 0.09 9.70± 0.13 6.61∗ 0.67∗ 381± 27 1.90 0.969
∗ The parameters were poorly constrained and were fixed.

to explain the occurrence of LMC X-4 flares. How-
ever, a detailed study is required for a more reliable
interpretation.

Some authors (see, e.g., Levine et al. 2000) note
a certain similarity of the observed manifestations of
flaring activity in LMC X-4 (in particular, the super-
Eddington character of flares) to the flares recorded
in magnetars (Thompson and Duncan 1995; Kaspi
and Beloborodov 2017). However, such an analysis
reveals significant differences in the manifestations
of flaring activity (see also Levine et al. 2000)—
magnetars are characterized by ultrashort flares
(∼0.1−10 s in duration), a spectral hardening during
flares, the absence of pulsations at the flare peak, a
long period between flares, etc. This leads to the
conclusion that the magnetar mechanism is unsuit-
able for describing the flares in LMC X-4 (Levine

et al. 2000), despite the fact that the magnetic field
in this system can be sufficiently strong (>1013 G;
see Shtykovsky et al. 2017).

Another possible mechanism explaining the flar-
ing activity in LMC X-4 can be a modification of
the model proposed by Shakura et al. (2012, 2013)
to explain the phenomenon of SFXT flares. Indeed,
comparing the parameters of flares from LMC X-4
and SFXTs, one can notice a large number of sim-
ilar characteristics—close luminosities during flares,
similar flare shapes and characteristic flare evolution
time scales, etc. However, the SFXT mechanism
suggests low quiescent luminosities, less than Lx ∼
1036 erg s−1. At higher luminosities it is quite difficult
to explain frequent flares by this model.
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Fig. 8. (Color online) Energy spectra before, during, and after the flare; the spectra before and after the flare were constructed
with coefficients of 0.1 and 0.2, respectively; the interval numbers correspond to the numbering in Figs. 1 and 2.

Changes in the Pattern of Radiation As the
Luminosity Increases to Super-Eddington Values

Owing to the high sensitivity and the wide en-
ergy range of the NuSTAR observatory, it has been
possible for the first time to trace the changes in the
spectrum and pulse profile of the pulsar LMC X-4
in the energy range 3–79 keV when passing to the
super-Eddington regime of accretion. The source
spectrum both during the flares and in quiescence is
well described by the thermal Comptonization model
(COMPTT). The following changes in the spectrum

and pulse profile were observed during the flares as the
luminosity increased above Lx ∼ 6× 1038 erg s−1:

(1) the pulse profile in the energy range 3–40 keV
becomes approximately triangular (Figs. 4–6);

(2) the pulsed fraction increases with rising en-
ergy, reaching 60−70% in the energy range 25–
40 keV, which exceeds considerably 6−14% in the
quiescent state (Fig. 7);

(3) an increase in luminosity by more than an
order of magnitude is observed at energies below
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25–30 keV, while at higher energies both the spec-
trum shape and the recorded flux remain virtually
unchanged (Figs. 8 and 9);

(4) an anticorrelation of the plasma temperature
and the optical depth with the X-ray luminosity of the
source is observed (Table 2, Fig. 10).

Many X-ray pulsars are known to exhibit a
spectral hardening as the luminosity increases, and
saturation and even softening of the pulsar spec-
trum occur when some critical luminosity is reached
(Postnov et al. 2015). The characteristic luminos-
ity at which the transition to saturation occurs is
∼1037 erg s−1. Postnov et al. (2015) proposed
an accretion column model in which such changes
are explained by Compton saturation, whereby the
Comptonized emission from the side wall of the
accretion column is reflected from the neutron star
atmosphere (see also Poutanen et al. 2013). As the
accretion rate and the luminosity rise, the column
height increases and the fraction of the reflected,
predominantly hard component in the spectrum
begins to decrease, causing the pulsar spectrum to
soften. According to the standard accretion col-
umn model (Basko and Sunyaev 1975), the column
height increases with rising luminosity and a fan
radiation pattern is realized. For a distant observer
this manifests itself in the fact that the pulse profile
becomes double-peaked (Gnedin and Sunyaev 1973).

Interestingly, a qualitatively similar behavior can also
be explained in terms of the present-day model for
the generation of X-ray pulsar radiation that takes
into account the reflection of the radiation emitted by
the accretion column from the neutron star surface
(see Poutanen et al. (2013) and Fig. 6 in Lutovinov
et al. (2015)).

For LMC X-4 we also observe a spectral softening
with increasing luminosity similar to that noted in
Postnov et al. (2015). However, the recorded pulse
profile (triangular single-peaked) is more likely in-
dicative of a pencil radiation pattern, suggesting a
small height of the accretion column. In this case, the
destruction/disappearance of the column at super-
Eddington luminosities can be assumed. At the same
time, the observed slight decrease in plasma tem-
perature and optical depth is also consistent with a
decrease in accretion column height, given that in
the model of Postnov et al. (2015) the electrons at
the outermost edges of the accretion column are the
Comptonizing medium. Another possible explana-
tion for the observed changes in the pulse profiles is
the transition of the pulsar LMC X-4 to the state of
an ultraluminous X-ray source (ULX), which are also
characterized by single-peaked and approximately si-
nusoidal pulse profiles and by an increase in pulsed
fraction with energy (see, e.g., Fürst et al. 2016;
Mushtukov et al. 2017).
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